M
elanoma is a malignant skin tumor of melanocytic origin that can metastasize to any organ, including the brain and the lung (1) . Cytokines play an important role in controlling tumor growth and metastasis. For instance, IFN-␥ is a pleiotropic cytokine whose production relates to Th1 immune responses against pathogens and tumors. IFN-␥ production was initially associated with cells of lymphoid origin, particularly NK and T cells (2, 3) . It is now, however, clear that cells of the myeloid lineage dendritic cells (DCs) 4 and macrophages are also capable to produce this cytokine. Specifically, a novel cell subset denoted IFN-␥ producing killer DCs (IK-DCs), with cross-priming functions has been recently described to express markers related to those of plasmacytoid DCs and NK cells. It has been suggested that this cell population might function as a tumor scavenger by producing high amounts of IFN-␥ (4 -6).
The EBV induced gene 3 (EBI-3) can associate with p28 to form the cytokine IL-27. IL-27 (EBI-3-p28) is known to be an early product of activated APCs that is produced upon TLR ligation. It drives a rapid clonal expansion of naive but not memory CD4 ϩ T cells, and synergizes with IL-12 to trigger IFN-␥ production via T-bet from naive splenic CD4 ϩ T cells (7) . A distinct receptor for IL-27 consists of the orphan receptor WSX-1/TCCR, a novel class I cytokine receptor with homology to the IL-12 receptors, highly expressed in lymphoid tissue and associates with gp130 (8) . IL-27 induces expression of T-bet and IL-12R␤2 through WSX-1 signaling in wild-type naive CD4 ϩ T cells indicating that IL-27/ WSX-1 signaling is important for the initial commitment of Th1 responses (9) .
Although IL-27 has been shown to positively regulate Th1 pathways, EBI-3 could have additional functions in T cell differentiation and activation that remain to be investigated. In this regard, it has been recently shown that EBI-3 can also associate with the p35 unit of IL-12 to form a new cytokine denoted as IL-35 (EBI-3-p35 heterodimer). IL-35 contributes to the suppressive function of regulatory CD4 ϩ CD25 ϩ Foxp-3 ϩ T cells known to suppress antitumoral immunity (10) . Moreover, experimental evidences suggest a role of EBI-3 independent from p28, as many tumors are characterized by the selective expression of EBI-3 in the absence of p28 (11, 12) .
In the current manuscript, we demonstrate that targeted deletion of EBI-3 protected mice from lung metastasis upon i.v. injection of the transformed cell line B16-F10. We further demonstrate that EBI-3 deficiency induced CD11c ϩ B220 ϩ NK1.1 ϩ Gr1 Ϫ (IFN-␥-releasing) cells in the lung which was associated with increased local CD8 ϩ T cell antitumor responses. Finally, targeted deletion of T-bet resulted in increased tumor load in EBI-3-deficient mice indicating that T-bet is involved in the EBI-3 Ϫ/Ϫ protection from melanoma metastasis. These results indicate a novel role of EBI-3 in controlling tumor metastasis via lung CD8 ϩ T cells and suggest that targeted deletion of EBI-3 could be beneficial for therapy of lung melanoma metastasis.
Materials and Methods
Mice C57BL/6 mice were obtained from Charles River Laboratories and The Jackson Laboratory. EBI-3 Ϫ/Ϫ have been described previously (13) and were on a pure C57BL/6 genetic background. T-bet Ϫ/Ϫ mice were gift from Professor L.H. Glimcher (Harvard Medical School, Boston, MA) and were also on a C57BL/6 genetic background (14) . EBI-3
Ϫ/Ϫ and T-bet Ϫ/Ϫ mice were backcrossed for at least ten generations on a C57BL/6 genetic background before entering the experiments described in this manuscript. Animals were bred and maintained under specific pathogen-free conditions in our animal facility and treated according to institutional animal care guidelines.
Tumor cell injection
B16-F10 melanoma cells were kindly given to us by Prof. Laurie H. Glimcher (Harvard Medical School, Boston, MA) and cultured in DMEM enriched with 10% FCS (Biofluids) and antibiotics. The cell line was tested negative for mycoplasma and other transmissible infectious agents. A total of 2 ϫ 10 5 cells resuspended in 0.2 ml sterofundin (Braun) were injected into the lateral tail vein. At the indicated following days lungs were removed, placed in medium, and microscopically analyzed as reported below.
In additional experiments, CD8 ϩ and NK1.1 ϩ T cells were targeted by five i.p. applications of anti CD8 (Hybridoma 53.6.72, gift from Dr Stephan Sudowe, Dermatology Department, University of Mainz, Germany) (250 g/200 l) and anti-mouse NK1.1 (Ly-55; eBioscience) (100 g/200 l) Abs at days 4, 7, 11, 14, and 17 after tumor cell injection. These treatments led to complete depletion of CD8 ϩ T cells and a 50% reduction of the NK1.1 ϩ cells, respectively.
Quantification of lung metastasis
Lungs were removed and metastases were photographed under the stereo microscope Stemi 200-C with an AxioCam MRc. The pictures were imported on a computer by Axiovision 4.2. from Carl Zeiss Vision GmbH and metastases were marked both on the front and back side pictures of each lung. The total area occupied by the melanin-rich colonies was analyzed. The total melanotic area was compared with the size of the whole lung by using an Excel computer program. Results are shown as percentages.
Collection and analysis of the bronchoalveolar lavage fluid (BALF)
BALF of the right lung was collected as described previously (15) .
Histological analysis of tumor mass
For histological analysis, lung samples were immersed in 10% buffered formalin before embedding in paraffin, sectioned, stained, and quantified by the Pathological Department at the University of Lausanne, Switzerland and imported in Photoshop (Adobe Systems, Version 7.0) as previously described (16) . Space bars correspond to 2.5 mm for the histological overviews and 200 m for the high magnification images.
Isolation and analysis of total lung CD11c ϩ and CD8 ϩ T cells
Total lung cell suspension was obtained as previously described (17) . The CD11c ϩ and CD8 ϩ lung cells were directly purified from isolated lung cell suspension according to the manufacturer's instructions and as previously described (18, 19) . After three washes in complete medium, the CD11c ϩ cells were cultured with LPS (Escherichia coli 0111:B4 LPS, 1 g/ml; InvivoGen) for 24 h at a density of 10 6 cells/ml. Spleen CD11c ϩ cells were cultured in RPMI 1640 culture medium enriched with 5% FBS alone or with LPS (1 mg/ml) and CpG (CpG-ODN-1826-5Ј-t(PTO)CC-ATG-ACG-TTC-CTG-ACG-t(PTO)t(PTO)-3Ј) or GpC (GpC-ODN1745-5Ј-t(PTO)-CC-ATG-ACG-TTC-CTG-AGC-t(PTO)t(PTO)-3Ј),10 M each (BioSpring).
After three washes in complete medium, the CD8 ϩ T cells were cultured with plate-bound anti-CD3 Abs (CD3 clone 145-2C11, 5 g/ml; BD Pharmingen) for 24 h at a density of 10 6 cells/ml. Supernatants were analyzed for cytokine production by ELISA. Alternatively, CD8
ϩ T cells were cocultured with B16-F10 cells and different concentrations of anti-TNF-␣ Abs (R&D Systems).
Twenty four hours later, cell pellets were processed for cell apoptosis in accordance to the Annexin-V-propidium iodide staining (Annexin V-FITC apoptosis detection kit II; BD Pharmingen). Cells were washed in cold PBS and resuspended in binding buffer. In brief, 10 5 cells were then incubated with Annexin V-FITC and propidium iodide and analyzed within 1 h by FACS analysis in accordance to the manufacturer's instructions.
As positive control, the B16-F10 melanoma cell line was incubated with different concentrations of recombinant mouse TNF-␣ (eBioscience, NatuTec) and apoptosis was measured 24 h later as indicated above.
FACS analysis
To assure the purity of isolated cells, routinely, 1 ϫ 10 5 cells were washed with 1 ml PBS and then incubated for 30 min in 100 l PBS containing 5 g/ml of anti-mouse CD8-allophycocyanin (53-6.7-allophycocyanin) (BD Pharmingen) or anti-mouse CD11c-FITC (BD Pharmingen). Cells were washed with 1 ml of PBS. Resulting cell suspensions were measured by FACSCalibur and analyzed by using Cell Quest Pro version 4.02 (BD Pharmingen).
Total lung cells were stained with FACS Abs and analyzed as described above.
The following Abs were used: anti-mouse CD8␣ (53-6.7-allophycocyanin) Ab (BD Pharmingen), anti-mouse CD69 (H1.2F3 FITC) Ab (BD Pharmingen), anti-mouse CD44 (Pgp-1, Ly-24 PE Cy5) Ab (BD Pharmingen), anti-mouse CD11c-FITC (BD Pharmingen), anti-mouse CD45R-PE-Cy5.5 Ab (eBioscience), anti-mouse PDCA-1-PE Ab (Miltenyi Biotec), anti-mouse NK1.1-allophycocyanin Ab (Caltag Laboratories), anti-mouse CD49d-PE Ab (eBioscience), anti-mouse CD122 (TM-␤1-PE) Ab (BD Pharmingen), Annexin V-FITC (BD Pharmingen), propidium iodide (BD Pharmingen), anti-mouse CD11c-allophycocyanin Ab (eBioscience), and anti-mouse Gr1(Ly6c)-PE (eBioscience).
Intracellular cytokine analysis
For intracellular staining of IFN-␥, isolated lung CD11c ϩ cells were cultured overnight with LPS (1 g/ml) and CpG-DNA (10 pmol/ml) and then stimulated with 1 ng/ml PMA (Sigma-Aldrich), 1 mol ionomycin, LPS (1 g/ml), and GolgiStop (BD Pharmingen) for 4 h at 37°C. Cells were stained with anti-mouse CD8␣ (53-6.7-PE) (BD Pharmingen), anti-mouse CD45R-PE-Cy5.5 Ab (eBioscience), and anti-mouse NK1.1-allophycocyanin Ab (Caltag Laboratories) Abs for 30 min at 4°C. Thereafter, cells were fixed with PBS containing 2% (v/v) paraformaldehyde for 15 min at room 
ELISA
IL-12p70 was detected in the bronchoalveolar lavage fluid by using a mouse-specific ELISA Set (OptEIA, Standard range from 62.5 to 4000 pg/ml, BD Pharmingen). IL-12p40 was detected in cell supernatants using a mouse-specific ELISA Set (OptEIA, Standard range from 15.625 to 1000 pg/ml, BD Pharmingen). The IFN-␥-ELISA was performed from BALF and cell supernatants using a sandwich ELISA Set (OptEIA, Standard range from 31.3 to 2000 pg/ml, BD Pharmingen). TNF-␣ was detected in BALF and cell supernatants using a specific sandwich ELISA Set (OptEIA; Standard range from 15.6 to 1000 pg/ml; BD Pharmingen).
Statistical analysis
Differences were evaluated for significance ( p Ͻ 0.05) by the Student's two-tailed t test for independent events (Excel, PC). The coefficient of correlations was calculated by using the statistical analysis of the Excel program. Data are given as mean values Ϯ SEM.
Results

EBI-3 deficiency protects mice from metastases of lung melanoma
To analyze the role of EBI-3 in lung metastasis, we studied the lung melanoma development in EBI-3-deficient mice (9) and wildtype mice after i.v. injection of B16-F10 cells. It was found that targeted deletion of EBI-3 results in increased survival of mice bearing lung melanoma compared with wild-type littermates. Specifically, a dramatic drop in the survival rate of wild-type mice started at day 21 after i.v. injection of B16-F10 (Fig. 1a) , whereas 100% of the EBI-3-deficient mice survived until day 28 (at which time 50% of the wild-type mice bearing tumor were already dead). At day 33, 100% of the wild-type mice bearing tumor were dead, whereas 50% of EBI-3-deficient mice were still alive (Fig. 1a) . To monitor the development of the lung melanoma, we microscopically analyzed and counted lung colony formation, by means of a stereomicroscope at different time points both in wild-type and EBI-3 Ϫ/Ϫ B16-F10 cell injected mice, as shown in Fig. 1b . Starting at day 10, a significant increase in lung melanotic colonies could be appreciated in the wildtype mice compared with EBI-3 Ϫ/Ϫ B16-F10 cell injected mice (Fig.  1b , upper and lower rows, respectively). This difference was maintained until day 21 when the wild-type mice started to die (Fig. 1a) .
In addition, the same results were found after histological quantification of the metastatic colonies, where tumor cells were visible as brown spotted cells after H&E staining (Fig. 2) . Notably, an increased number of cells per colony were found on the surface of the lungs of wild-type littermates at day 10, indicating an early colonization on the surface of the lung as compared with deeper areas of the parenchyma. In fact, the brown tumor cells could be followed histologically from the vessels to the pleura (Fig. 2b, left panels) . In contrast to wild-type mice, 5 days after tumor cell transfer, no tumor colonies were seen at the surface of the lungs of EBI-3 Ϫ/Ϫ mice and only few small colonies (Fig. 2, a and b) were noted histologically in the deeper areas of the lung. 
Increased IL-12p70 levels in the airways of EBI-3
Ϫ/Ϫ mice developing lung melanoma IL-12 is a cytokine released during the innate immune response that can induce T cell effector functions. We next analyzed IL-12p70 levels in the BALF of wild-type and EBI-3 Ϫ/Ϫ mice developing metastases upon B16-F10 injection. As shown in Fig. 3a (left panel) , we detected increased levels of IL-12p70 in the BALF of EBI-3 Ϫ/Ϫ mice compared with wild-type littermates at day 10 after B16-F10 injection. It is thus possible that in the absence of IL-27, a compensatory increased release of IL-12 takes place in the lung of EBI-3-deficient mice (17) . IL-12 is produced by DCs and NK cells. We thus isolated lung CD11c ϩ cells and measured IL-12p40 in the cell supernatant. As shown in Fig. 3a (right panel) , increased levels of IL-12p40 were detected in the supernatants of lung CD11c ϩ cells isolated from the EBI-3 Ϫ/Ϫ mice at day 10. This cytokine was also released at high concentrations at day 5 both in wild-type and EBI-3 Ϫ/Ϫ mice, although no differences between both groups were noted at that time point (data not shown).
Increased number of CD11c
ϩ NK1.1 ϩ B220 ϩ Gr1 Ϫ (Ly6c Ϫ )
cells in the lungs of EBI-3-deficient mice
The differences in IL-12 levels were detected at day 10 when histopathological differences were already macroscopically visible between wild-type and EBI-3 Ϫ/Ϫ mice (Fig. 1b) . We thus investigated earlier changes in immune responses in the lung of
Ϫ cells have the capacity to present Ag after activation of TLR-9 and may be involved in tumor Ag cross presentation to T cells (20 -25) . To test whether B220 ϩ CD11c ϩ NK1.1 ϩ cells might play a role in controlling lung metastasis in our model, we next analyzed DCs isolated from the lungs of wild-type and EBI-3-deficient mice, before (day 0) and 5 days (Day 5) after i.v. injection of B16-F10 cells. Classical plasmacytoid dendritic cells (pDCs) expressing CD11c, B220, PDCA-1, and Gr1 (Ly6c) were increased in the lungs of EBI-3 Ϫ/Ϫ mice bearing metastases 5 days after the i.v. injection of B16-F10 (Fig. 3b, upper and middle panels) as compared with wild-type littermates. We then focused on the characterization of CD11c ϩ B220 ϩ NK1.1 ϩ Gr1 Ϫ cells that display both plasmacytoid and cell killer features (26) . These CD11c ϩ or CD11c int express both B220 (CD45R) and NK1.1 but are Gr1 Ϫ . We found that the number of CD11c ϩ B220 ϩ NK1.1 ϩ cells represents around 50% of lung CD11c ϩ cells in both untreated and tumor-bearing EBI-3 (Ϫ/Ϫ) mice and that the number of these cells is increased in EBI-3-deficient mice as compared with wild-type mice (Fig. 3b,  lower panel) . Therefore, B220
ϩ CD11c ϩ NK1.1 ϩ cells represent the vast majority of the CD11c cells populating the lung of EBI-3 Ϫ/Ϫ mice at day 5. As B220 ϩ CD11c ϩ NK1.1 ϩ cells are known to produce IFN-␥, we next analyzed IFN-␥ production by isolated CD11c ϩ cells after overnight culture and found that these cells isolated from the lungs of tumor bearing EBI-3 Ϫ/Ϫ mice (day 5 after the i.v. injection of B16-F10 cells) released significantly higher amounts of IFN-␥ as compared with those isolated from the wild-type littermates (Fig. 3c, upper left panel) . The IFN-␥ production by lung B220 ϩ CD11c ϩ NK1.1 ϩ cells was further confirmed by intracellular staining with anti-IFN-␥ Abs on purified lung CD11c ϩ cells by gating on CD45R ϩ NK1.1 ϩ cells (Fig. 3c,  lower panels) .
Moreover, consistent with the increased presence of the B220 ϩ CD11c ϩ NK1.1 ϩ cell phenotype in the lung, splenocytes taken from EBI-3 (Ϫ/Ϫ) mice released increased amounts of IFN-␥ upon challenge with LPS and CpG as compared with those obtained from the wild-type littermates that were challenged under the same conditions (Fig. 3c, upper right panel) . These findings altogether suggested that the antitumor function of B220 ϩ
CD11c
ϩ NK1.1 ϩ cells in this model may relate to IFN-␥ production.
Expansion of activated CD8 ϩ T cells releasing IFN-␥ in the lungs of EBI-3-deficient mice in a murine model of melanoma
IFN-␥ secretion plays an important role during both innate and acquired immunity by enhancing Th1-type immune responses. This cytokine is produced by multiple cell types and CD8
ϩ T cells are a potential main source of IFN-␥ production in vivo. To start to analyze this possibility, we isolated and characterized CD8 ϩ T cells from the lungs of wild-type and EBI-3 Ϫ/Ϫ mice upon injection of B16-F10 cells. CD8 ϩ T (CD8 ϩ CD44 ϩ CD49d ϩ ) cells expressing markers of cell adhesion and activation were increased in the lungs of the EBI-3 Ϫ/Ϫ mice as compared with wild-type mice (Fig. 4b, upper  panels) . Interestingly, the CD8 ϩ CD122 ϩ population, which is known to down-regulate IFN-␥ production and proliferation (26, 27) , was found to be decreased in the lungs of EBI-3 Ϫ/Ϫ mice 5 days after tumor cell injection (Fig. 4b, lower panels) . Consistently, at the same time point, lung CD8 ϩ T cells from EBI-3 (Ϫ/Ϫ) mice produced significantly higher levels of IFN-␥ as compared with wild-type controls (Fig. 4a) . Furthermore, a significant increase in the number of CD8 ϩ T cells in the lung of EBI-3 Ϫ/Ϫ mice was observed as compared with EBI-3 ϩ/ϩ mice. Whereas an expansion of CD8 ϩ T cells was noted in EBI-3 Ϫ/Ϫ mice during tumor development, the CD8 ϩ T cells seems to be constant as the tumor developed in the wild-type littermates, suggesting a stronger CD8 ϩ T cells antitumor Ag response in the lung of EBI-3 Ϫ/Ϫ mice (Fig. 4c) .
Apoptosis of B16-F10 cells is induced in vivo by TNF-␣ released by CD8 ϩ T cells isolated from the lungs of EBI-3-deficient mice
We then asked the question whether injected B16-F10 cells were not able to cause large lung metastases in EBI-3 Ϫ/Ϫ lungs because of increased cytotoxicity induced by CD8 ϩ T cells. As IFN-␥ is known to synergize with TNF-␣ to induce cell death, we analyzed in situ apoptosis of tumor cells once they reached the lung. We found increased cell apoptosis in large size lung cells isolated from EBI-3-deficient mice, as compared with those obtained from the wild-type littermates 10 days after i.v. injection of B16-F10 cells (Fig. 5a ). These findings indicated an increased tumor cell killing capacity in the cellular component isolated from the lungs of EBI-3-deficient mice as compared with wild-type littermates at a later time point after IFN-␥ release. Accordingly, we next focused on lung CD8
ϩ T cells and found that lung CD8 ϩ T cells released increased TNF-␣ levels when isolated from EBI-3 Ϫ/Ϫ mice at days 5 and 10 ( Fig. 5b) after tumor cell injection as compared with wild-type mice. TNF-␣ is known to induce programmed cell death via TNF receptor signaling. Neutralization of TNF-␣ with increasing concentrations of an anti-TNF-␣ Ab was then performed in cell coculture experiments in which CD8 ϩ T cells were isolated from the lungs of EBI-3 Ϫ/Ϫ mice at different time points after i.v. injection of B16-F10 and cocultured with B16-F10 cells. As shown in Fig. 5c , apoptosis of B16-F10 cells could be neutralized with anti-TNF-␣ Abs in a dose-dependent manner when CD8 ϩ T cells were isolated 5 days after tumor cell injection and cocultured with B16-F10 cells (1:1 ratio) . The sensitivity of B16-F10 to TNF-␣ induced apoptosis is also reported as positive control in Fig. 5d . As shown, increasing doses of TNF-␣ induced the number of Annexin V-positive B16-F10 cells significantly.
Targeted deletion of T-bet abrogated the protective effect of EBI-3 deficiency on melanoma metastases
To demonstrate that IFN-␥ released by CD8 ϩ T cells as well as by NK cells plays a central role in the protection of lung melanoma development in EBI-3 Ϫ/Ϫ mice, we next performed depletion experiments as specified in Materials and Methods. Five i.p. applications of anti CD8 Abs (250 g/200 l) led to complete depletion of the CD8 ϩ T cells in EBI-3 Ϫ/Ϫ mice, as shown in Fig. 6b by dot plot analysis. The depletion of CD8 ϩ T cells resulted in an induction of the tumor load in EBI-3 Ϫ/Ϫ mice as shown in Fig. 6a , on the left hand side and as quantified on the right panel. These results demonstrate that in the absence of EBI-3, which is expressed by APCs, CD8
ϩ T cells mediate increased protection against metastases. Furthermore, we show that both depletion of CD8 ϩ and decrease of NK1.1 ϩ cells in EBI-3-deficient mice bearing tumors, resulted in significant decrease in IFN-␥ production in total lung cells after intracellular staining (Fig. 6d) as compared with untreated mice. These data indicate that CD8 ϩ and NK1.1 ϩ cells are the major source of IFN-␥ (Fig. 6d ) in EBI-3 deficient mice. We then looked at IFN-␥ release in the BALF of anti CD8 and anti NK1.1 Abs treated mice and found, as shown in Fig. 6f , that depletion of CD8 resulted in a stronger inhibition of IFN-␥ release in the airways as compared with anti NK1.1 in EBI-3 Ϫ/Ϫ mice. Thus, the observed protection from lung melanoma in EBI-3 Ϫ/Ϫ mice is dependent on the increase IFN-␥ production mainly by CD8 ϩ T cells. Moreover, we could demonstrate after intracellular staining for IFN-␥ on total lung cells and gating on CD8 ϩ T cells (Fig. 6e) , that depletion of NK.1.1 positive cells by anti NK1.1. Abs led to a 50% decrease of INF-␥ production by CD8 ϩ T cells indicating 
that CD8
ϩ T cells release the effectors cytokine IFN-␥ also in a NK1.1 dependent manner.
Noteworthy was the observation that the anti NK1.1. Ab-induced partial depletion was not accompanied by increased tumor load in treated mice (Fig. 6a) . Furthermore, we did not observe any significant decrease in IL-12p70 and IL-12p40 production after anti NK1.1. and anti CD8 Ab treatment.
We thus concluded that the observed protected phenotype observed in EBI-3 Ϫ/Ϫ mice was dependent on the total IFN-␥ production in these mice with CD8
ϩ T cell being the major source of this cytokine.
To definitively show the dependency on IFN-␥ on the protective phenotype observed in EBI-3 Ϫ/Ϫ mice, and considering that T-bet Ϫ/Ϫ mice are defective in NK cells, we crossed EBI-3 Ϫ/Ϫ mice with T-bet Ϫ/Ϫ mice. The resulting double KO mice showed a significant increase in the number and size of the metastatic colonies providing striking evidence that T-bet and therefore IFN-␥ are involved in EBI-3-induced melanoma (Fig. 6c) . As shown, this effect was dosedependent as indicated by the intermediate tumor load shown by the EBI-3 (Fig. 6c, middle panel) .
In vivo transfer of CD8 ϩ T cells isolated from EBI-3-deficient mice bearing tumor protects wild-type recipient mice from B16-F10-induced lung tumors
To directly prove the in vivo relationship between lung tumor size and the apoptotic function of CD8 ϩ T cells isolated from the EBI-3-deficient mice, we adoptively transferred these CD8 ϩ T cells together with B16-F10 cells i.v. into wild-type mice. To perform this experiment, CD8
ϩ T cells were isolated from the lungs of EBI-3-deficient and wild-type mice 5 days after tumor cell injection when the IFN-␥ production by CD8 ϩ T cells isolated from the EBI-3 Ϫ/Ϫ lungs was significantly increased compared with IFN-␥ released by the wild-type CD8 ϩ T cells. As shown in Fig. 7a , wild-type mice could be rescued from the development of lung metastases upon i.v. administration of CD8 ϩ T cells isolated from EBI-3-deficient (but not wild-type) mice that had been injected with the tumor cell line 5 days before. This macroscopic finding was accompanied by an increased number of activated CD8 ϩ T cells (Fig. 7b) . Furthermore, activated CD8 ϩ T cells produced elevated levels of TNF-␣ in the BALF of mice given activated EBI-3 Ϫ/Ϫ CD8 ϩ T cells (Fig. 7c) .
Discussion
In this manuscript, we report that targeted deletion of EBI-3 increases the survival of mice developing lung melanoma. In addition, we started to elucidate the immunological mechanism that allowed EBI-3-deficient mice to escape from tumor metastases. In fact, we reported in this study that, in the absence of EBI-3, lung CD11c ϩ cells expressed increased markers of a newly described cell subset known as IK-DC that produces IFN-␥. This is a distinct population of cells that expresses similar levels of CD11c, B220, and MHC II as pDCs, but has markers reminiscent of NK cells as well (6, 24) . This cell subset has been further characterized recently as a discrete NK cell subset capable of producing higher levels of IFN-␥ than conventional NK cells (20, 21, 23) . Moreover, we demonstrated that IK-DCs/B220
ϩ CD11c ϩ NK1.1 ϩ Gr1 Ϫ cells are increased in the lungs of EBI-3 Ϫ/Ϫ mice and released increased amounts of IFN-␥.
NK cells are known to exhibit reciprocal-activating interactions with DCs (22, 26) . We recently found that IK-DCs develop preferentially in the lungs and not in the adjacent lymph nodes (K. A. Sauer and S. Finotto, unpublished data). In fact, IK-DCs represent up to 50% of the local CD11c ϩ cells in the normal murine lung indicating a potential regulatory role of these cells in an anatomical location where lung metastasis is initiated. In the present study, we have shown that IK-DCs are expanded in the lungs of EBI-3-deficient mice in an experimental model of lung metastasis as compared with control mice. Moreover, these EBI-3 Ϫ/Ϫ IK-DCs produced increased amounts of IFN-␥ as compared with control cells from wild-type mice.
In 
CD8
ϩ T cells utilize TNF-␣ to kill the tumor. The functional relevance of the latter cells in vivo could be demonstrated using adoptive transfer studies in which transfer of EBI-3 Ϫ/Ϫ CD8 ϩ T cells led to significantly stronger reduction of developing tumors in B16-F10 injected wild-type littermates as compared with the transfer of wild-type cells. Consistently, targeting CD8 ϩ T cells by using neutralizing Abs resulted in an increased tumor area in EBI-3 Ϫ/Ϫ mice. These data show for the first time an effect of EBI-3 on CD8 ϩ T cells. In the absence of EBI-3, these cells produced significantly higher amounts of IFN-␥ than wild-type cells. As all currently known cytokines involving EBI-3 are known to induce rather than reduce IFN-␥ production by T cells (9) , it is tempting to speculate that this function of EBI-3 could be due to currently unrecognized binding partners for EBI-3. By crossing EBI-3 Ϫ/Ϫ mice with T-bet Ϫ/Ϫ mice, we definitively proved a direct function of EBI-3 on T-bet and IFN-␥ independently from IL-27. In fact, the doubledeficient mouse (EBI-3 Ϫ/Ϫ T-bet Ϫ/Ϫ mouse) showed increased tumor load in a dose-dependent manner as indicated by the intermediate tumor load shown by the EBI-3 Ϫ/Ϫ T-bet ϩ/Ϫ mice. IFN-␥ can inhibit the growth of tumor cells as well as promote the production of other type I cytokine and differentiation of cytotoxic NK and T cells (32) . T-bet-deficient mice have impaired CTL responses to Ag (33) and adoptive transfer of wild-type-activated NK cells protects T-bet Ϫ/Ϫ mice after melanoma challenge showing that reconstitution of the NK compartment in these mice is sufficient to mediate a significant reduction of the tumor burden (14) . In fact, T-bet-deficient mice have increased metastases load accompanied by reduced number of NK cells and no NKT cells infiltrating tumor-bearing tissue in this model, thus providing an appropriate genetic background on the role of NK cells in EBI-3-deficient mice (14) . Consistently, we previously reported increased T-bet in the lung of EBI-3 Ϫ/Ϫ mice in a murine model of asthma (18) . Taken together, these results suggest a role of T-bet in EBI-3 Ϫ/Ϫ -mediated melanoma protection, confirming a role of IFN-␥ in our findings and providing a linkage between innate and adaptive immune-response in tumor.
Our findings are the first demonstration that activation of the antitumor immune response in the lungs is orchestrated by increased B220
ϩ CD11c ϩ NK1.1 ϩ cells that modulate local CD8 ϩ T cell responses in the absence of EBI-3.
These results have important implications for new therapies aiming at the cure of metastatic diseases such as lung melanoma.
